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This study presents a novel approach for the synthesis of WC-Ni cemented carbides with enhanced mechanical
properties. A low-cost solution-based route was used to coat WC powders with well-distributed metallic nickel
dots measuring between 17 nm and 39 nm in diameter. Varying compositions with loadings of 2, 6, and 14 vol%
Ni were consolidated using spark plasma sintering (SPS) at 1350 °C under 50 MPa of uniaxial pressure giving
relative densities of 99 + 1 %. The sintered WC-Ni cemented carbides had an even distribution of the Ni binder
phase in all compositions, with retained ultrafine WC grain sizes of 0.5 + 0.1 pm from the starting powder. The
enhanced sinterability of the coated powders allowed for consolidation to near theoretical densities, with a
binder content as low as 2 vol%. This is attributed to the uniform distribution of nickel and an extensive Ni-WC
interface existing prior to sintering. The small size of the Ni dots likely also contributed to the solid-state sintering
starting temperatures of as low as 800 °C. The mechanical performance of the resulting cemented carbides was
evaluated by measuring the hardness at temperatures between 20 °C and 700 °C and estimating toughness at
room temperature using Vickers indentations. These results showed that the mechanical properties of the WC-Ni
cemented carbides synthesised by our method were comparable to conventionally prepared WC-Co cemented
carbides with similar grain sizes and binder contents and superior to conventionally prepared WC-Ni cemented
carbides. In particular, the 2 vol% Ni composition had excellent hardness at room temperature of up to
2210HV10, while still having an indentation fracture toughness of 7 MPa-m®®. Therefore, WC-Ni cemented
carbides processed by this novel approach are a promising alternative to conventional WC-Co cemented carbides
for a wide range of applications.

1. Introduction have been reported to reduce the sinterability and mechanical properties

of the sintered cemented carbides.

Finding alternatives to the conventionally used cobalt binders in WC-
based cemented carbides has been an ongoing endeavour for decades
due to the depletion of resources, geopolitical reasons, its toxicity,
greater demands on corrosion resistance, or when a non-magnetic
character is required. Nickel is one of the most promising substitutes
for cobalt, with WC-Ni cemented carbides being researched for nearly a
century after their invention in 1923 by Schroter [1]. The lower cost,
higher corrosion resistance [2], non-magnetic behaviour [3,4], and
higher fracture toughness [5] of Ni compared to Co make it an attractive
binder for applications in corrosive environments and other special
applications. However, studies on first-generation WC-Ni cemented
carbides found inferior mechanical properties, such as lower hardness
and transverse rupture strength, compared to WC-Co [2,5-7]. The low
wettability of Ni on WC surfaces and lower solubility of WC in Ni [5]
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Several modifications to materials and process variables may be
considered to enhance the sinterability and thereby improve the me-
chanical properties of cemented carbides, with particle size and mix-
edness of the constituent powders being the most influential [8]. Suzuki
et al. [9] reported similar mechanical properties in Co- and Ni-based
cemented carbides when the WC grain size was reduced to 0.4 pm.
Similar results were reported for WC grain sizes of 0.3 pm utilising
mechanical milling prior to sintering [10,11] exhibiting the true po-
tential of WC-Ni when material and/or process variables are optimised.
Powder coating is another effective way to improve the sinterability of
WC powders, whereby Ni is deposited on the surface of WC particles.
This establishes a good distribution and large contact area between WC
and Ni, compared to conventional powder mixing of the two constitu-
ents. The coating also ensures a sustained distribution of the constituents
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and reduces the risk of the presence of oxide barrier layers between Ni
and WC. Researchers have developed simple, salt-based solution routes
to coat different carbides and other ceramics with metallic Ni, Fe, and Co
in the form of dense layers or well-distributed nano-dots [12-16].
Cemented carbides prepared from such coated powders are particularly
interesting as the powders exhibited enhanced sinterability and yielded
better control over the resulting microstructure compared to powder
mixtures. The well-adhered coatings provided a large area of direct
contact between metal and carbide, ensured good distribution of the
binder metal, and provided short diffusion paths. The use of low-cost
equipment and readily available chemicals make this method highly
scalable compared to more laborious powder preparation methods such
as sputtering [17] or processing using unique chemicals [18].

Sintering parameters such as temperature, heating rate, applied
pressure, and atmosphere during consolidation can be altered as well to
enhance sinterability. Spark Plasma Sintering (SPS) has proven to be a
reliable sintering method to produce cemented carbides of high density
with little to no grain-growth and excellent mechanical properties
[19,20]. It provides greater control over microstructural development
compared to conventional methods.

In this work, a novel processing route for WC-Ni cemented carbides
using Ni nano-dot coated powders and SPS was evaluated. Ultrafine sub-
micrometre WC powders were coated with Ni using the solution-based
technique developed by Ekstrand et al. [14,15]. Sintering behaviour
and microstructural evolution during SPS were investigated. The Ni-dot
coating is expected to increase sinterability significantly, thereby
allowing for the realisation of cemented carbides with extremely low
binder phase fractions. Nickel contents of 2, 6, and 14 vol% were chosen
to investigate a wide range of binder contents from typical cutting tool
compositions, containing 14 vol% Ni, down to almost binder-less com-
positions of only 2 vol% Ni. The resulting cemented carbides were
analysed using SEM, EDS, and XRD. The mechanical performance was
assessed by measuring hardness from room temperature up to 700 °C
and estimating room temperature toughness using the Vickers indenta-
tion crack length method. The results were compared to literature
published on WC-Ni and WC-Co cemented carbides processed by con-
ventional and non-conventional methods.

2. Material and methods
2.1. Starting materials

Nickel (II) nitrate hexahydrate (Ni(NO3)2-6H20, Sigma-Aldrich),
nickel (II) acetate tetrahydrate (Ni(OAc)2-4HO > 98 %, Sigma-
Aldrich), methanol (analytical grade 99.9% Scharlau), triethanolamine
(TEA, > 99 %, Sigma Aldrich), and tungsten carbide (WC, D.S. 60, H.C.
Starck Tungsten GmbH) were used as received. According to the man-
ufacturer’s data sheet, the WC powder contained 6.11 wt% total C and
0.02 wt% free carbon and had a Fisher particle size of 0.64 pm. More
details of the chemical analysis of the WC powder are given in the
supplementary information Table S1. Furthermore, a few abnormally
large WC particles within the otherwise homogeneous powder of
somewhat agglomerated WC particles were found, as shown in Fig. S2 in
the supplementary information.

2.2. Powder coating

The WC-Ni powders coated with 2, 6, and 14 vol% Ni were prepared
as follows: A methanolic nickel precursor solution with a nitrate:acetate
ratio of 9:1 and 0.5 triethanolamine (TEA) per nickel was made ac-
cording to previous work [15,16]. Then, the nickel precursor solution
was added to the WC powder in amounts yielding 2, 6, and 14 vol% Ni
[13]. After evaporation of the methanol, the obtained dough-like
mixture was heated under an Ar atmosphere (Ar gas N57, purity >
99.9997 %) at 10 °C/min to 500 °C. The 14 vol% Ni powder was pre-
pared by two coating cycles of 7 vol% Ni, each with heating to 500 °C at
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10 °C/min in an Ar gas atmosphere. The heat treatments were made in a
split tube furnace on porous powder beds in a boat made of stainless
steel with an Argon gas flow rate of 200 mL/min. The silica tube was
sealed at each end by a steel plate with Leybold couplings and gas-pipe
throughputs [13].

2.3. Sintering

The nickel dot-coated powder was consolidated using SPS (Dr. Sinter
2050, Sumitomo Coal Mining Co.). The powders were poured into 10
mm diameter graphite dies with graphite sheet lining. A uniaxial pres-
sure of 50 MPa was applied during the heating and holding cycle. A
heating rate of 100 °C/min was used during heating from room tem-
perature up to 600 °C, where the specimens were held for 1 min. Next,
the specimens were heated up to 1350 °C, using a heating rate of 100 °C/
min, and were held there for 2 min. Subsequently, the heating was
turned off, and the pressure was released once the temperature dropped
below 1000 °C. The specimens were left to cool in the SPS to around
100 °C before removal. The atmosphere was air at 10 to 30 Pa pressure
during the sintering cycle. Two specimens were produced from each
composition, one for microstructural analysis (MS), and one for high-
temperature mechanical testing (HT), resulting in a total of 6 speci-
mens. After sintering, the surface of the specimen was ground using 220
grit SiC paper to remove adhering graphite from the SPS die lining.

2.4. Microstructural analysis

The Ni-coated WC powders were studied with a Merlin Scanning
Electron Microscope (SEM, Zeiss) equipped with an Energy Dispersive
Spectrometer (EDS). The microstructural analysis of sintered WC-Ni
specimens (MS) was made on axially cut cross-sections using a Magel-
lan 400 Extreme-High Resolution SEM, (FEI Company) equipped with an
EDS. The crystallinity of the Ni dot-coated WC powders and cut MS
specimens was studied by X-ray diffraction in 6-20 mode (XRD, Empy-
rean, Malvern Panalytical) using Cu-Ka radiation with 40 kV and 40 mA,
a step size of 0.013 ° and 60 s dwell time. Light optical microscopy
(LOM) was used to image the total cross-section of the MS specimens. A
second set of sintered WC-Ni specimens (HT) were cut parallel with 1-2
mm offset from the cylinder faces. The larger slices were used for the HT
testing and were also analysed with SEM and XRD. Density measure-
ments were performed using Archimedes’ principle on MS and HT
specimens. Grain size was estimated from SEM images of the MS spec-
imens using the linear intercept method according to literature [21]. For
each reported grain size two images containing 5 lines each at 33000
times magnification were analysed.

2.5. Mechanical properties

An in-house built hardness tester with low vacuum capability was
used for high temperature (HT) hardness tests as described elsewhere
[22]. The hardness was calculated from Vickers’ indentations made with
a 10 kg load and 13 s holding time using the equation

HV = 0.18917(,;;)2
2
where F is the load in N and D,, and D, are the indent’s diagonal lengths
in mm (shown in Fig. 1). Three indentations were made for each re-
ported hardness value. The atmosphere during indentation was air at
<500 Pa. Temperatures were increased from room temperature to
100 °C and then in 100 °C steps up to 700 °C, as shown in Fig. 2. The
indentations were measured in two cycles after indentation at 400 and
700 °C, after cooling the specimens to room temperature in a separate
optical microscope. An additional sixteen indentations were made for
each composition after the HT test using a regular hardness tester
(Duramin-40, Struers) using the same load and equation. Fracture



P.H. Gruber et al.

D
C

p h >

A
A 4

Fig. 1. Schematic diagram of a Vickers’ indent showing the indented area and
the resulting cracks visible on the surface.
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Fig. 2. Thermal history during high-temperature testing.

toughness Kj¢c was estimated from these additional indentations by the
commonly used Palmquist fracture toughness Eq. [23].

F
Kic ~ Wy = 0.0028VHV 98T | —
e~ K C,—D,+C,—D,

where Wj is the indentation fracture toughness, HV is the Vickers
hardness number, F is the load in N, D, and D, are the indent’s diagonal
lengths in mm, and C, and Cj, are the vertical and horizontal distances
between the crack tips in mm (shown in Fig. 1).

3. Results and discussion
3.1. Nickel coated WC powders

The SEM micrographs of the initial WC powder and Ni-dot coated
WC powders given in Fig. 3, show that the Ni dots were evenly
distributed over the WC particle surfaces. The Ni-dot size and coverage
increased with Ni loading. The number average Ni dot sizes measured
from the dots visible in the SEM images were 17, 24, and 39 nm for
WC2Ni, WC6Ni, and WC14Ni power, respectively. This is comparable to
the 5 to 30 nm sized Ni dots Naim Katea et al. [13] obtained on NbC
powder with 3.5 to 12.5 vol% Ni loading using the same coating routine.
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Additional SEM micrographs of the powders are available in the sup-
plementary information.

The X-ray diffractograms of the initial WC powder and coated
powders are presented in Fig. 4. The deposition of Ni nano-dots on the
WC powder particles did not alter the WC peak positions or width,
showing that no significant crystallographic or compositional changes in
the carbide particles occurred due to the coating process. The fcc Ni
(111) and Ni (200) peaks for WC6Ni and WC14Ni powders show that the
deposited Ni nano-dots were crystalline. The lattice parameter of the Ni
dots was determined for WC6Ni and WC14Ni, using the (111) peak of fcc
Ni (Table 1). The obtained value of 3.54 A was slightly larger than the
reference value of 3.523 A (PDF 04-010-6148). This can be the result of
the epitaxial growth of Ni on the WC surface [13], a marginal uptake of
C [24] and/or W [25], and the small sizes of the crystallites. The Ni
peaks in WC2Ni were not detected, which is ascribed to the small
crystallite size in combination with the lower volume fraction of Ni
compared to the higher Ni loadings [25].

3.2. Consolidation

During consolidation in the SPS, the die displacement was recorded
and is shown in Fig. 5, together with the calculated die displacement rate
(DDR). The die displacement (DD) curves are normalised for identical
total displacements. Individual curves for all specimens can be found in
the supplementary information in Fig. S3. The thermal expansion of the
SPS punches and electrodes was not corrected, and therefore, the die
displacement is the sum of the shrinkage due to sintering and the ther-
mal expansion due to temperature change.

The consolidation happened in two distinct stages, as shown in
Fig. 5. Below 800 °C, the DDRs remained relatively low as only little
compaction occurred, presumably originating from the rearrangement
of particles and plastic deformation of Ni dots due to the applied pres-
sure and increasing temperature. However, some compaction due to
reactions between the Ni dots and WC cannot be excluded. In nano-
crystalline pure Co and Ni sponges synthesised in a similar way, rapid
crystal growth was observed at 450 °C, which shows that the nano-
crystals were quite active even at these low temperatures [16].
Melting point depression is also known for small nano-particles where
drastically reduced melting points can be observed compared to bulk
specimens [26]. Higher Ni loadings resulted in higher DDRs in the early
stage due to lower bulk densities obtained from the rougher powder
particles. At higher temperatures, the DDRs increased rapidly due to the
beginning of the sintering. The general sintering start temperatures were
between 800 °C and 900 °C, and the greatest DDRs were found around
1135 °C, while with higher Ni contents, a tendency toward earlier sin-
tering was shown, as well as lower temperature at their greatest DDR.
The sintering start temperatures were below Ni’s melting point or any
Ni-W solid solution [27]. No further consolidation took place during the
2 min hold at 1350 °C. Furthermore, localised elevated temperatures
during SPS could have caused the Ni dots to melt at the observed tem-
peratures [20].

For cemented carbides, Macedo et al. [28] described that Ni can
spread already at 800 °C on carbide surfaces and described the spreading
as a material flow based on the diffusion of atoms in the highly disor-
dered and defect-rich interface layer between binder metal and carbide.
They also found that high heating rates are necessary to keep the
interface layer from ordering, thereby impairing material flow.

It is not clear whether liquid phase sintering takes place after the
sintering start temperature or whether it is diffusion based solid-state
sintering. Due to melting point depression and localised heating, a
liquid phase likely formed before reaching 1350 °C facilitating the final
densification.

The density measurements of the consolidated specimens are shown
in Fig. 6. A significant deviation in relative density of > 1 % between MS
and HT specimens was evident for WC2Ni and WC14Ni. However, a
trend was seen that higher Ni contents resulted in higher relative
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Fig. 3. SEM micrographs of Ni-dot coated WC powders after heating to 500 °C using an in-lens detector. The particles lighter in appearance are the Ni dots.
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Fig. 4. XRD diffractograms of the initial WC powder, coated powders, and the
consolidated specimens.

densities. The average relative density was 0.99 =+ 0.01. The theoretical
density was calculated using the nominal values of Ni loading.

Cross-sections after consolidation in Fig. 7 taken with LOM show a
darker region near the surface of the specimens. EDX line scans revealed
a reduced Ni content in this casing region that was separated by a nar-
row high Ni zone from the homogeneous core of the specimen. The
depth of this separation zone was 0.5 + 0.1 mm from the surface.

The Ni redistribution close to the surface during SPS has yet to be
fully understood. It could be related to the carbon sheet lining used in

during SPS of the MS specimen WC14Ni and was visible on the outside of
the die after SPS as a small drop. This most likely explains the relative
density of over 100 % as the liquid phase must have been composed
mostly of Ni and therefore alters the chemical composition slightly,
underestimating the theoretical density. The drop also further attests to
the formation of a liquid phase during SPS despite sintering below the
melting point of Ni.

Considering the short SPS time and high relative densities, the dot-
coated powders exhibited great sinterability despite their relatively
low Ni concentrations, especially for WC2Ni. A temperature of 1350 °C
was satisfactory for achieving highly dense specimens, which agrees
with the findings by Lima et al. [18] where a temperature of 1350 °C
gave the best results for WC-Ni when using SPS. High heating rates were
used to facilitate the Ni-dots spreading over the carbide’s surface and by
that solid-state sintering, as suggested by Macedo et al. [28]. However,
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Fig. 5. a) Die Displacement (DD), b) Die Displacement Rate (DDR), and temperature during the SPS heating cycle.
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Fig. 6. Comparison of relative densities of consolidated specimens for the
separately sintered MS (microstructural analysis) and HT (high temperature
hardness testing) specimens.

the holding time of 2 min might not have been necessary, and shortening
it could have reduced the amount of Ni redistribution.

3.3. Microstructure

Cross-sections of the consolidated specimen at two different magni-
fications are presented in Fig. 8. Prismatic WC particles of light to me-
dium dark grey shades can be seen surrounded by the almost black Ni
binder phase. All three compositions exhibit a similar average WC grain
size of about 0.5 + 0.1 pm. The WC grains in WC2Ni are conformed to
each other, whereas grains that are prismatic and fairly well separated
by binder phase can be seen in WC14Ni, while WC6Ni exhibits both
features.

The XRD diffractograms of the powders and the consolidated MS
specimens given in Fig. 4 show the presence of four phases: hex WC
(00-051-0939), fcc Ni (04-010-6148), WoC (00-035-0776), and 7-phase
(01-081-4165). The W,C was absent from the diffractograms after SPS.
However, traces of n-phase (e.g., W4NiyC, PDF 01-081-4165) were
detected in WC2Ni and WC6Ni after SPS, with a larger amount being
present in WC2Ni. Quantitative data about the WoC and »-phase could
not be derived due to the minute amounts and few detectable peaks. The
Ni peaks shifted even further to larger lattice parameters after SPS than
the coated powders, especially for WC6Ni. The Ni phase could not be
detected with XRD after SPS, similar to the Ni-coated WC2Ni powder.
The lattice parameters and FWHM values derived from the Ni (111) peak
are shown in Table 1. These data show that the Ni lattice parameter
increased for WC6Ni and WC14Ni from powder to the sintered condi-
tion, whereas the FWHM value decreased. The expanded lattice of the Ni
phase was most likely a result of uptake of C and W. Juskenas et al. [31]
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Fig. 7. Polished cross-section images taken with LOM and SEM-EDX line scan profiles; the specimens’ cylinder axis is vertically oriented. The arrows indicate the

range of the EDX line scans. The scale bar is valid for all three images.
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Fig. 8. SEM-BSE images showing the microstructures of the sintered specimens.

derived an expression to estimate the amount of W in a Ni-W solid so-
lution from its lattice parameter a: X,y = —7.5208 + 2.13429 * a. Using
this equation, the binder phase in WC14Ni and WC6Ni could consist of a
Ni-W solid solution containing 10.3 at% and 14.3 at% W respectively.
This estimation only considers the substitutionally dissolved W and ig-
nores lattice expansion and a shift in the peak position caused by other
factors, such as strains or interstitial atoms.

Together with the grain shape conformation of the carbide grains
that require material transport, it can be concluded that the binder phase
facilitated material transport for sintering. The obtained WC grain size
of 0.5 &+ 0.1 pm was independent of the Ni content and comparable to
the initial powder grain size of 0.64 pm (Fischer number) of the initial
WC powder. Therefore, no significant grain growth took place from the
initial powders to the carbide grains.

22004 o = WC2Ni
e WCB6Ni
& A WC14Ni
£ 2000{ > &
£ [ [ | E -
ES) e 3 s
X ]
S 1800 - s . . -
z .
7 16001 a8 4 X -
C
& 1400- t i
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0 100 200 300 400 500 600 700
Temperature [°C]

Fig. 9. HV10 hardness measurements at elevated temperatures. Hollow sym-
bols show the second set of measurements at room temperature, after hardness
testing at elevated temperature.

3.4. Hardness evaluation

The average hardness values obtained from HV10 Vickers in-
dentations between room temperature and 700 °C are presented in
Fig. 9, with absolute errors shown as error bars. All samples exhibited a
gradual decrease in hardness with temperature without any abrupt
changes. A second set of indentations was made at room temperature
after the measurements up to 700 °C to assess whether the temperature
cycle altered the room temperature properties, represented as hollow
symbols in Fig. 9 and shown in Table 2, with error bars indicating the
standard deviation. The RT hardness for WC2Ni and WC6Ni increased
after testing, contrary to WC14Ni, where no change was observed. XRD
diffractograms of the HT specimens after the measurements up to 700 °C
exhibited no significant alterations in crystallography compared to the
MS specimens. The increase in hardness may be attributed to the pres-
ence of small amounts of y-phase in these compositions, but no further
investigations were conducted in this regard.

A comparison between room temperature hardness (after HT testing)
and literature values is shown in Fig. 10. As the WC grain size sub-
stantially impacts hardness [29], the respective values are indicated for
all data. With a hardness of 1588 HV, WC14Ni is on par with WC-Ni
cemented carbides with similar binder fractions and grain sizes. It ex-
hibits a comparable decrease in hardness of 100 to 200 HV compared to
WC-Co, as suggested in Tracey’s work [5]. On the other hand, WC2Ni
and WC6Ni demonstrated significantly higher hardness than any other
WC-Ni compositions with similar grain sizes reported in the literature, as
shown in Fig. 10. Their values are comparable to WC-Ni cemented
carbides with grain sizes of 0.024 pm [18], which is 20 times smaller.
WC2Ni demonstrated an impressive hardness of 2210 HV, which ap-
proaches the upper limit of what is achievable with conventional WC-Co
cemented carbides of similar grain sizes.

In addition to HV10 hardness, indentation fracture toughness esti-
mates were made and are presented in Table 2. Indentation fracture

Table 2

Mechanical properties of WC-Ni measured at room temperature after HT testing.
Sample Hardness HV10 [kgf/mm?] Kic [MPa-m®°]
W2Ni 2210 + 34 7.0 £ 0.2
W6Ni 2040 + 23 8.0+ 0.1
W14Ni 1588 +£ 8 11.0 £ 0.3
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Fig. 10. HV30 and HV10 hardness of cemented carbides produced from WC-Ni
[9,11,18,36] and WC-Co [29] against binder content and their average
grain size.

toughness is known to suffer substantial errors compared to conven-
tional fracture toughness measurements [32-35]. Therefore, it is not
appropriate to compare them to literature values that are obtained using
conventional testing methods. However, a positive correlation between
Ni content and indentation fracture toughness was seen, consistent with
the literature [29]. The small WC grain size and low Ni binder contents
prevent high toughness values; nevertheless, the materials possess suf-
ficient resilience to sustain crack growth for low impact applications.

4. Conclusions

A novel processing route for WC-Ni cemented carbides with binder
contents between 2 vol% and 14 vol% was investigated regarding sin-
tering behaviour and properties of the resulting cemented carbides. The
approach involved the synthesis of Ni coated WC powders by deposition
of well-dispersed metallic Ni nano-dots on WC particles using a solution-
based route. The powders were consolidated using spark plasma sin-
tering (SPS). The WC-Ni powders exhibited good sinterability with sin-
tering start temperatures between 800 °C and 900 °C. Relative densities
of 99 % were achieved without severe WC grain growth when using a
heating rate of 100 °C/min. After sintering, Ni redistribution close to the
surface and the formation of small amounts of #-phase in some of the
compositions were observed.

In the low binder content samples, the room temperature hardness
was exceptionally high compared to conventional WC-Co cemented
carbides while maintaining sufficient toughness for low impact appli-
cations. This demonstrates the suitability of this processing route,
especially for low binder content compositions. High-temperature
hardness exhibited a gradual decrease without abrupt changes up to
700 °C. Overall, our findings provide insights into the applicability of
solution-based powder coating in combination with SPS for producing
high-performance WC-Ni cemented carbides with low binder contents.
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